The ATP:D-fructose-6-phosphate 1-phosphotransferase (PFK) from Selenastrum minutum was purified to homogeneity. The purified plastid enzyme had a specific activity of 180 micromoles per milligram of protein per minute. It is a homomer with a subunit molecular weight of 70,000. The smallest enzymatically active form of the protein is a homotetramer of 280,000 daltons. The enzyme can, however, aggregate into different active forms, the largest of which has a molecular weight of more than 6 x 106. The pH optimum, regardless of aggregation state, is 7.25. The enzyme exhibits sigmoidal kinetics with respect to fructose-6-phosphate and hyperbolic kinetics with respect to ATP. Phosphate changes the sigmoidal fructose-6-phosphate saturation kinetics to hyperbolic. Phosphoenolpyruvate, 3-phosphoglycerate, 2-oxoglutarate, malate, citrate and ATP all inhibit the enzyme. The ratios of phosphoenolpyruvate and/or 3-PGA to phosphate are probably the most important factors regulating PFK activity in vivo. The enzyme cross-reacts with several antisera against both cytosolic and plastidic PFKs as well as against native potato pyrophosphate dependent phosphofructokinase suggesting that the algal PFK represents an evolutionarily primitive form.
gen assimilation the Fru-1,6-P2 content increases sharply while Fru-6-P decreases (26) . This indicates that nitrogen assimilation activates the conversion of Fru-6-P to Fru-1,6-P2. In higher plants, this conversion is mediated by PFK and/ or PFP (for review see ref. 7 ). S. minutum does not contain any measurable PFP activity and initial studies suggested only one form of PFK (26) .
Given the large increase in glycolytic carbon flow accompanying nitrogen assimilation by S. minutum and the putative role for PFK in regulating this flux, we have undertaken a detailed examination of this enzyme. In the present investigation the PFK from S. minutum was purified to homogeneity and the kinetic, physical, and immunological properties investigated. The results provide insight into the mechanism by which nitrogen assimilation activates glycolytic carbon flow for the provision of carbon skeletons during amino acid biosynthesis.
MATERIALS AND METHODS
Sodium pyrophosphate, ATP, and Fru-2,6-P2 were from the Sigma Chemical Co. while auxiliary enzymes and other cofactors were from Boehringer-Mannheim Biochemicals. QSepharose, ATP-Agarose, and Superose-6 (HR10/30) were obtained from Pharmacia Fine Chemicals. The IgG fraction of antibodies against potato PFK (anti-PFK 46 and anti-PFK 50), Echerichia coli (anti-PFK [E. coli]) and potato PFP subunits (anti-PFP [a] and anti-PFP [A3]) were purified (20) (21) (22) and supplied by N. J. Kruger. The IgG against cucumber plastid and cytosolic PFK (anti-PFK [plastid] and anti-PFK [cytosol] ) and potato PFP (anti-PFP) were obtained and purified as described previously (4, 6) .
Extraction and Purification of Enzymes
All procedures were carried out at 4 'C. Approximately 60 g (fresh mass) of Selenastrum minutum cells were suspended in 100 mm sodium phosphate buffer (pH 7.2) containing 2 mM EDTA, 5 mM MgCl2, 5% (v/v) glycerol, and 2 mM PMSF (buffer A) in a 1:1 ratio. The cells were lysed with two passes through a French pressure cell (18,000 psi). The extract was centrifuged at 25,000g for 20 min and the resulting supernatant used in all subsequent steps. The protein fraction precip- All assays were carried out at room temperature in a total volume of 1 mL. Auxiliary enzymes were dialyzed against 5 mM Hepes-NaOH (pH 7.5) before use. NADP+ reduction and NADH oxidation were recorded at 340 nm. PFK (EC 2.7.1.11) was routinely assayed in 100 mM Imidazole (pH 7.2) containing 1 mM MgC12, 0.1 mM NADH, 5 mm Fru-6-P, 0.5 mM ATP, 1 IU aldolase, 10 IU triose phosphate isomerase, and 1 IU glycerol-3-P dehydrogenase. The reaction was initiated with ATP.
FBPase (EC 3.1.3.1 1) was assayed in 100 mM Hepes-NaOH (pH 7.5) containing 16 mM MgSO4, 10 mm EDTA, 2 mM DTT, 0.5 mm NADP+, 0.4 mm Fru-1,6-P2, 1 IU glucose-6-phosphate dehydrogenase, and 2 IU hexose phosphate isomerase. The reaction was started with the Fru-1,6-P2. PFP (EC 2.7.1.90) was measured as described previously (20 
Immunoremoval
Immunoremoval of PFK from crude extracts as well as from the partially purified PFK preparation was done as previously described (6) .
SDS-PAGE and Protein Blotting
Polypeptides were resolved on 12% polyacrylamide gels with a 4% stacking gel (ratio of acrylamide to N'N'-methylene-bisacrylamide 100:1) according to the method of Doucet and Trifaro (8) using a Bio-Rad minigel apparatus. The molecular mass markers included phosphorylase B (92.5 kD), BSA (66.7 kD), ovalbumin (45 kD), carbonic anhydrase (31 kD), soybean trypsin inhibitor (21 kD), and lysozyme (14.4 kD). The separated polypeptides were transferred to nitrocellulose for 1 h at 100 V in a Bio-Rad minigel blot system. The transfer buffer contained 25 with TBST before probing for 1 h with secondary antibody diluted in TBST containing 1% (m/v) BSA. The blots were then successively washed with TBST (lx), TBST containing 0.05% SDS (lx), and TBST (6x), each wash being 10 min in duration. Cross-reacting polypeptides were identified by the enzymatic cleavage of the phosphate group of 5-bromo-4-chloro-indolyl-phosphate and using nitroblue tetrazolium as a stain enhancer (1).
Protein Protein was measured as described by Bradford (5) using bovine serum albumin as a standard. During chromatography of the purified PFK on the Superose-6 column at least four peaks of activity were detected. Most of the activity eluted as a high molecular mass form immediately following the void volume (7.5 mL) (Fig. 1) . The calculated molecular mass of the four peaks ranged from 6,600 kD to 280 kD (Table II) . The factors involved in the control of this aggregation/dissociation were not investigated. Chromatography of a less purified PFK preparation (after the Q-Sepharose) resulted in very little activity in the two large aggregated forms. Most of the activity was in the tetrameric form (peak 4).
Purified S. minutum PFK only contained one type of subunit (Fig. 2) . The calculated subunit molecular mass was 70,000 + 2,000 D (Fig. 3) . The native mol wt of the enzyme indicates that the smallest enzymatically active form of the protein is a homotetramer (Table II) .
Relative Mobility (5), and lysozyme (6) . Arrow indicates the relative mobility of the purified PFK subunit.
RESULTS

Purification
The purification procedure for Selenastrum minutum PFK is summarized in Table I 
Kinetic Properties
The effect of pH on the activity of PFK was determined in the presence of saturating concentrations of ATP (0.5 mM) and Fru-6-P (5 mM) and 5 mm added Pi. The enzyme exhibited a relatively broad pH optimum with substantial activity between pH 6.5 and pH 8.5. The pH optimum was 7.25 ( Fig.  4) . Omission of Pi lowered the Vmax more at the neutral/acid side of the pH profile (Table III) but the optimum was still pH 7.25.
The Km for Mg2+ was 500 ± 35 gM. At the pH optimum the enzyme exhibited sigmoidal kinetics with respect to Fru-6-P (n = 2.2). Addition of Pi increased the Vmax and lowered the degree of cooperativity (Fig. 5) . The degree of cooperativity and effect of Pi were lowered by an increase in pH (Table III) . The ATP saturation kinetics were hyperbolic and the Km was 9 ± 0.5 uM (Fig. 6) . In contrast to the Fru-6-P saturation kinetics, pH and Pi had no significant effect on the Km or kinetic pattern for ATP saturation (Table III) . Concentrations of ATP higher than 0.2 mm inhibited the enzyme. The pattern of inhibition was sigmoidal (n = 2.12) (Fig. 6) . The inhibition by ATP was alleviated by the addition of Mg2' which indicated that the inhibition was by free ATP and not by the Mg2+ ATP complex.
The kinetic properties and substrate saturation kinetics of PFK in crude desalted extracts were similar to that of the purified enzyme (results not shown).
The effect of several compounds on the activity of PFK [ATP] mM were determined (Table IV) . Glutamine, glutamate, and Fru-2,6-P2 had no effect on the enzyme activity. PEP, 3-PGA, malate, citrate, and 2-oxoglutarate all strongly inhibited the PFK activity. The enzyme was activated by low concentrations of Pi (< 5 mm) but inhibited by high concentrations of Pi. The degree of cooperativity towards Fru-6-P was increased and the affinity for Fru-6-P lowered by the presence of PEP (Fig. 7) . The degree of inhibition was also dependent on the free ATP concentration. In the presence of 2 mm PEP and 5 mM ATP the Hill coefficient was 5.5 and the S0.5 for Fru-6-P was 15 mm. Phosphate at a concentration of 5 mm, however, completely alleviated the inhibition caused by PEP. The Table Ill . Kinetic Properties of S. minutum PFK in the Presence or Absence of 5 mM Pi
The ATP saturation kinetics were determined in the presence of 5 mM Fru-6-P and that of Fru-6-P in the presence of 0.5 mm ATP. The magnesium concentration was 2 mM. effects of 2-oxoglutarate and 3-PGA (2 mM) were similar in that they increased the cooperativity with respect to Fru-6-P (n = 3.5 and 2.9, respectively) and decreased the affinity for Fru-6-P (So.5 = 3.1 and 2.9 mM, respectively). The inhibition by 2-oxoglutarate and 3-PGA was also alleviated by Pi.
Immunological Properties
With the exception of the antiserum against E. coli PFK, all the other anti-PFK antisera effectively immunoremoved the S. minutum PFK (Fig. 8A) . The efficiency of the antisera to remove the S. minutum PFK was similar in crude, partially purified and purified PFK preparations. This indicates that the composition of S. minutum PFK remained the same throughout the purification procedure. The antiserum against native potato PFP (4) also effectively immunoremoved the S. minutum PFK (Fig. 8B) . In contrast antisera against the denatured a-and ,B-subunits of PFP (20, 21) did not show any cross-reactivity with S. minutum PFK (Fig. 8B) .
Western blot analysis of crude and purified PFK extracts showed a single protein band reacting with the anti-PFK (cytosol), anti-PFK (plastid) and anti-PFP (Fig. 9) . Antibodies to the a and a subunits of PFP did not recognize any S. minutum proteins (Fig. 10) .
DISCUSSION Apparent Absence of PFP
As previously found (26) there was no measurable PFP activity in any extracts of Selenastrum minutum. Although the precautions we took to prevent enzyme inactivation resulted in excellent (>95%) recovery of potato PFP added to S. minutum extracts (26) , the possibility of inactivation of an algal PFP could not be completely ruled out (26) . The absence nMPEP Figure 7 . Fru-6-P saturation curve of the S. which is similar to that of purified potato (22), animal and bacterial PFK (27) , and much higher than that of purified B cucumber (3, 6) , carrot (28) , and castor bean PFK (18 aggregated form of the enzyme has a lower specific activity 0 Anti-PFP (beta) than the lower molecular mass form (Table I ). The PFKs 0.6 \* Anti-PFP from Dunaliella salina (11, 24) and D. marina (19) also higher molecular mass forms being less active than the lower (11, 24) . As is the case with the Dunaliella-PFK (19, 24) . Protein blot analysis of S. minutum PFK in crude extracts (3, 6, 9) , purified PFK with a specific activity of 120 units. mg-' protein Figure 10 . Protein blot analysis of crude (75 gsg .track-') S. minutum (2, 5, 8) and partially purified PFK with a specific activity of 3.67
extracts (1, 4, 6) and partially purified (50 ng -track-') potato PFP (2, units. mg-' protein (1, 4, 6) . The nitrocellulose filters were probed the possibility that S. minutum may have an unstable isoform of PFK which could be completely inactivated during isolation. There are several points, however, which argue against this possibility. Two antisera which completely immunoremoved the S. minutum PFK (anti-PFK[plas] and anti-PFP) only cross-reacted with a single polypeptide on protein blots of crude extracts of S. minutum (Fig. 9 ). This polypeptide was also the only one present in the purified PFK preparations. These antisera were also equally effective in removing the PFK activity from both crude and partially purified extracts (26) . These results suggest that S. minutum contains only one form of PFK.
Immunological Characterization of S. minutum PFK All four antisera against higher plant PFK effectively immunoremoved the S. minutum PFK. Two of these antisera (anti-PFK [46] and anti-PFK [plastid]) were previously shown to be monospecific for higher plant plastid PFK whereas the other two also cross-reacted with cytosolic PFK (6, 18) . The fact that all these sera effectively immunoremoved the S. minutum PFK indicates that the enzyme is immunologically related to both plastid and cytosolic higher plant PFK. The antibodies raised against native potato PFP (4) strongly crossreact with S. minutum PFK. We have previously shown that this serum specifically cross-reacted with higher plant PFP and that it does not cross-react with higher plant PFK (4, 6) . The present results indicate that S. minutum PFK has some immunological similarity to plant PFP. However, we could detect no cross-reactivity between antibodies raised against denatured potato PFP subunits (20) and the S. minutum PFK. This may imply that the immunological similarity between the S. minutum PFK and higher plant PFP is more at the level of the native structure rather than at the primary sequence.
Regulatory Properties of S. minutum PFK The kinetic properties of the S. minutum PFK were similar to those of PFK from Chlorella (16) and Dunaliella (19) . In general the kinetic properties were also similar to those of the plastid PFK isoenzyme from higher plants (2, 3, 7, 9, 10, 14, 15, 18) . With the exception of the pH optimum, the S. minutum PFK was also very similar to the more stable PFK isoform from Chlorella (17) . Low Pi concentrations activated S. minutum PFK but very high concentrations were inhibitory. The same phenomenon was found with the plastid PFK from cucumber (3), plastid PFK from spinach (15) , plastid PFK from D. marina (19) and the PFK from Chlorella (16, 17) . Several metabolic intermediates of glycolysis and the Krebs cycle inhibited S. minutum PFK providing a mechanism for feed back control of this enzyme (Table IV) . Of particular interest is the sensitivity to phosphoenolpyruvate, 3-PGA, 2-oxoglutarate, and Pi. Sensitivity toward PEP, 3- PGA, and Pi is typical of higher plant plastid PFK (3, 7, 10, 15, 18) . These data are consistent with the inferred plastid localization of this enzyme (26) .
From the in vitro studies it appears that the Pi/PEP and Pi 3-PGA ratios are probably the most important factors controlling the S. minutum PFK in vivo. During rapid nitrogen assimilation it has been shown that activation of pyruvate kinase leads to a large decrease in PEP and 3-PGA concentrations (23, 26) . This precedes a large increase in the Fru-1,6-P2/Fru-6-P ratio (26) . These results suggest that PEP (and possibly 3-PGA) may be important signals in the activation of PFK in response to biosynthetic demands for carbon. Both the activation of pyruvate kinase and the subsequent activation of plastid PFK will lead to an increase in the transport of triose-P out of the plastid on the phosphate translocator. Any resulting increase in plastid Pi levels, in combination with the decrease in PEP and PGA, could account for the activation of the PFK during nitrogen assimilation and other biosynthetic processes. CONCLUSIONS Activation of PFK during enhanced amino acid biosynthesis is primarily a result ofa decline in downstream feedback inhibitors. Enhanced N assimilation has been shown to activate PK and therefore draw down the levels of PEP and 3-PGA (26) . This decline activates PFK causing an increase in carbon flow through glycolysis to meet the new biosynthetic demand for carbon skeletons.
